Enterocytozoon bieneusi is an emerging and clinically significant enteric parasite infecting humans and animals and can cause life-threatening diarrhea in immunocompromised people. Pigs are considered to be one of the main reservoir hosts of E. bieneusi based on their high prevalence rates and zoonotic genotypes in pigs. As an opportunistic pathogen, E. bieneusi infection of pigs can be inapparent, which leads to neglect in detecting this parasite in pigs and assessing the epidemiological role of pigs in the transmission of human microsporidiosis. In the present study, 95 healthy pigs aged 2 or 3 months were randomly selected from three areas in Heilongjiang Province, China. E. bieneusi isolates were identified and genotyped based on the small-subunit (SSU) rRNA and internal transcribed spacer (ITS) regions of the rRNA gene by PCR and sequencing. A high prevalence of E. bieneusi was observed, 83.2% (79/95) at the SSU rRNA locus versus 89.5% (85/95) at the ITS locus. Ten ITS genotypes were obtained, comprising six known genotypes-EbpA (n ‫؍‬ 30), D (n ‫؍‬ 19), H (n ‫؍‬ 18), O (n ‫؍‬ 11), CS-1 (n ‫؍‬ 1), and LW1 (n ‫؍‬ 1)-and four novel genotypes named HLJ-I to HLJ-IV; 70.6% (60/85) of E. bieneusi genotypes were zoonotic (genotypes EbpA, D, and O). The findings of a high prevalence of E. bieneusi in pigs and a large percentage of zoonotic genotypes indicate that pigs may play a role in the transmission of E. bieneusi to humans and may become an important source of water contamination in our investigated areas.
M
icrosporidia are a diverse group of obligate intracellular eukaryotic fungi that have the ability to infect humans and animals. They are considered to be one of the emerging opportunistic pathogens. To date, there are about 1,300 species in 160 genera formally described, and approximately 14 species in 8 genera have been found in humans (1) . Molecular epidemiological data have confirmed that Enterocytozoon bieneusi, Encephalitozoon cuniculi, Encephalitozoon intestinalis, and Encephalitozoon hellem are the four major microsporidial species infecting humans (2) . Among them, E. bieneusi shows the highest frequency in cases of human microsporidiosis, particularly in immunocompromised persons, such as HIV-infected patients and transplant recipients (3) (4) (5) (6) . Infections with E. bieneusi in HIV-negative, immunocompetent, and otherwise healthy individuals, as well as travelers, have also been reported (5) . Clinical symptoms of microsporidiosis caused by E. bieneusi are variable, ranging from asymptomatic infection to acute or chronic diarrhea, depending on the health status of the hosts, the infective doses, and the virulence of the genotypes (5) . Most importantly, the disease can cause increased mortality through life-threatening diarrhea in immunocompromised patients (7) .
Microsporidial spores, the infective stage, have been found to survive in different environments, such as bodies of water, soil, and food products (8) (9) (10) . The spores of E. bieneusi have been isolated from a drinking source watershed, recreational bathing water, and wastewater treatment plants (11) (12) (13) (14) . Studies to trace sources of contamination and to elucidate transmission routes of E. bieneusi have been conducted worldwide through genotyping E. bieneusi isolates from different hosts. The internal transcribed spacer (ITS) region of the rRNA gene is most commonly used in genotyping E. bieneusi isolates. To date, besides humans, it has been isolated from pigs, wild boars, macaques, dogs, cats, cattle, llamas, horses, gorillas, baboons, raccoons, muskrats, beavers, foxes, otters, chickens, pigeons, parrots, sparrows, aquatic birds, and falcons (15) (16) (17) (18) (19) . The finding of the same ITS genotypes of E. bieneusi in humans and animals supported the possibility of zoonotic transmission. Pigs are considered to be one of the most important reservoir hosts of E. bieneusi, and molecular epidemiological surveys have been conducted in 11 countries since the first report of E. bieneusi in pigs in Switzerland (20) . Genotyping data for E. bieneusi isolates from pigs, including wild boars, have identified 34 genotypes, with 13 of them found in humans (Table 1 ) (17, (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . Therefore, genotyping of E. bieneusi isolates from pigs will provide useful information to assess the risk of zoonotic transmission.
In China, to date, eight molecular epidemiological studies of E. bieneusi have been conducted for 13 provinces, and it has been isolated in humans, pigs, cattle, dogs, and macaques, as well as in urban wastewater from wastewater plants (14, 27, (31) (32) (33) (34) (35) (Tables  2 and 3 ). The finding of the same ITS genotypes of E. bieneusi in China, eight in pigs and humans and four in pigs, wastewater, and humans, have raised public health concerns (Tables 2 and 3) (14, 27, (31) (32) (33) (34) (35) (36) , as the findings imply the potential for cross-genotype transmission from pigs to humans and the risk of exposure to environmental pathogens. Considering that E. bieneusi has been detected in healthy pigs (30) , it is important to carry out a molecular epidemiological investigation of E. bieneusi in asymptomatic pigs, since inapparent infection may lead to less attention being paid to detecting zoonotic pathogens in these animals. Thus, pigs with no clinical signs may have more time and opportunity to continually shed human-infective spores through feces into the environment to spread the disease. In Heilongjiang Province in northeastern China, pigs are one of the major economic animals. The aims of the present study were to determine the prevalence of natural infection of E. bieneusi in asymptomatic pigs in three areas of Heilongjiang Province, to analyze genetic characterizations of E. bieneusi isolates, and to assess the risk of zoonotic transmission at a genotype level by comparing the ITS gene sequences of E. bieneusi obtained with those from GenBank.
MATERIALS AND METHODS
Ethics statement. Before beginning work on the present study, we contacted the farm owners and obtained their permission to have their animals involved. During specimen collection, all work with animals followed guidelines in accordance with the Regulations for the Administration of Affairs Concerning Experimental Animals and was approved by the Animal Ethical Committee of Harbin Medical University.
Fecal-specimen collection. Between May 2012 and September 2013, approximately 10 g of fecal specimens was collected from each of 95 pigs in three areas of Heilongjiang Province (30 from Wuchang, 29 from Yanshou, and 36 from Mingshui). Farms were selected based only on the owners' willingness to participate and the accessibility of animals for sampling. All the fecal specimens were collected from the ground immediately after defecation by using a sterile disposable latex glove and then placed in labeled sterile tubes individually. The ages of pigs ranged from 2 to 3 months. At the time of sampling, all the pigs were in good health. All the specimens were transported to our laboratory in a cooler with ice packs within 24 h. After the fecal specimens were filtered and concentrated, they were all stored in 2.5% potassium dichromate at 4°C prior to being used in molecular biological characterizations.
DNA extraction. The potassium dichromate was washed off the fecal specimens with distilled water by centrifugation at 1,500 ϫ g for 10 min four times at room temperature. Genomic DNA was extracted from 200 mg of each processed specimen using a QIAamp DNA Mini Stool Kit (Qiagen, Hilden, Germany) according to the manufacturer's recommended procedures. The eluted DNA was stored at Ϫ20°C until further use in PCR analysis.
PCR amplification. An E. bieneusi-specific nested PCR was performed to amplify an approximately 607-bp nucleotide fragment of the smallsubunit (SSU) rRNA gene. Two pairs of primers (C1 and C2, and EBIEF1 and EBIER1) were used in the first and second PCR amplifications, respectively. In fact, primers C1 and C2 were complementary to bases 1 to 18 and 1152 to 1170 of the E. bieneusi SSU rRNA sequence (GenBank accession no. L16868), respectively, while primers EBIEF1 and EBIER1, highly specific for diagnosis of E. bieneusi, were complementary to bases 295 to 315 and 881 to 901 of the above SSU rRNA sequence, respectively (37, 38) . The cycle parameters for the two PCR amplifications were as follows: 30 cycles at 94°C for 60 s, 56°C for 60 s, and 72°C for 60 s, followed by a final extension step at 72°C for 5 min, and 30 cycles at 94°C for 30 s, 55°C for 30 s, 72°C for 90 s, followed by a final extension step at 72°C for 5 min.
An approximately 390-bp nucleotide fragment of the rRNA gene of E. bieneusi containing 76 bp of the 3= end of the SSU rRNA gene, 243 bp of the internal gene, and 70 bp of the 5= region of the large-subunit (LSU) rRNA gene was amplified to identify and genotype the E. bieneusi isolates A negative control with no DNA was included in all PCR tests. All secondary PCR products mentioned above were visualized by electrophoresis in 1.5% agarose gels stained with ethidium bromide before sequencing. If DNA preparations of E. bieneusi were positive at one gene locus and negative at the other, they were subjected to two more repeated PCR amplifications accordingly at the locus negative for E. bieneusi.
Nucleotide sequencing and data analysis. All secondary PCR products of both genes were directly sequenced using the secondary PCR primers after being purified on an ABI Prism 3730 XL DNA Analyzer by Sinogeno-max Biotechnology Co., Ltd. (Beijing, China), using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, USA). The sequence accuracy was confirmed by two-directional sequencing and by sequencing a new PCR product, if necessary, for some DNA preparations. E. bieneusi was identified and genotyped based on the SSU rRNA and ITS genes by comparing the obtained sequences with published sequences from GenBank using the Basic Local Alignment Search Tool (BLAST) and ClustalX 1.83. The genotypes of E. bieneusi isolates obtained in the present study were given the first published name if they had 100% homology with sequences in GenBank, while the others were given new names by adding numbers after an abbreviation of Heilongjiang Province (HLJ) according to the order of their appearance. All the genotypes in our study were named based on only 243 bp of the ITS gene region.
Phylogenetic analysis. To better present the diversity of genotypes and the relationship of newly obtained isolates to known ones, a neighborjoining tree was constructed using the software Mega 5 (http://www .megasoftware.net/), based on the evolutionary distances calculated by a Kimura 2-parameter model. The reliability of these trees was assessed using bootstrap analysis with 1,000 replicates.
Nucleotide sequence accession numbers. The nucleotide sequences of new ITS genotypes obtained in this study were deposited in the GenBank database under the following accession numbers: KJ475401 to KJ475404.
RESULTS

Prevalence of E. bieneusi in pigs.
A total of 95 pig fecal specimens were subjected to two nested-PCR protocols for the presence of E. bieneusi, based on the SSU rRNA and ITS genes. E. bieneusi was found in all three areas in Heilongjiang Province. The average prevalence of E. bieneusi in pigs was 83.2% (79/95) at the SSU rRNA locus versus 89.5% (85/95) at the ITS locus, without a statistically significant difference in prevalence at the two loci ( 2 ϭ 1.604; P Ͼ 0.05) ( Table 4 ). The prevalence rates of E. bieneusi in pigs were different in the three areas, either at the SSU rRNA locus or at the ITS locus. In Wuchang, E. bieneusi was detected in 90% of 30 fecal samples from pigs at the two loci. In the other two areas, although differences in prevalence were observed at the two loci, there were no statistically significant differences by a 2 test, accounting for 79.3% (23/29) A , which was identical to those from humans in Mexico (AY298728) and in Poland (JN107808), sheep in China (JQ769381), and falcons in the United Arab Emirates (DQ793212), showed uniqueness in Mingshui based on a prevalence of 100% for the type.
Genotypes of E. bieneusi in pigs. By sequence analysis of 85 pig-derived E. bieneusi isolates, a total of 11 polymorphic sites were detected within the 243 bp of the ITS gene (Table 5) . Homology analysis of ITS gene sequences of E. bieneusi revealed the presence of 10 genotypes, comprising 6 known genotypes-EbpA (n ϭ 30), D (n ϭ 19), H (n ϭ 8), O (n ϭ 11), CS-1 (n ϭ 1), and LW1 (n ϭ 1)-and 4 novel genotypes named HLJ-I to HLJ-IV (KJ475401 to KJ475404). Among them, genotype EbpA had the highest prevalence (35.3%; 30/85) and the widest distribution, accounting for the genotype being detected in all three investigated areas. Meanwhile, we also noticed the different genotypes and percentages of zoonotic genotypes of E. bieneusi in pigs in the three investigated areas: 33.3% (9/27), 77.8% (21/27), and 96.8% (30/31) of E. bieneusi isolates belonged to zoonotic genotypes in Wuchang, Yanshou, and Mingshui, respectively, based on the fact that genotypes EbpA, D, and O have been found in humans. On average, 70.6% (60/85) of E. bieneusi isolates were zoonotic in our investigated areas (Table 4 ). The percentages of zoonotic genotypes shown in Tables 1 to 4 are proportions of zoonotic genotypes sharing all the E. bieneusi genotypes identified. Phylogenetic analysis. In a phylogenetic analysis of the ITS sequences, all 10 genotypes of E. bieneusi obtained in the present study, comprising 6 known and 4 novel genotypes, were clustered into one group, which was previously described as the humanpathogenic group or "group 1" and renamed recently (2) (Fig. 1) .
DISCUSSION
In the present study, differences in the prevalence of E. bieneusi were observed in pigs at the two loci, 83.2% (79/95) at the SSU rRNA locus and 89.5% (85/95) at the ITS locus. However, no matter which gene was amplified, the prevalence of E. bieneusi in pigs was higher than that in any other study worldwide except one conducted in the Czech Republic, where up to 94% (74/79) of pigs were found to be infected with E. bieneusi (30) . The prevalence rates of E. bieneusi in pigs are reported to be from 3.6% to 94.0% (Table 1 ). In fact, the differences in prevalences might be related to the sensitivity and specificity of detection methods, the health status of hosts, the experimental design, the overall sample size, livestock practices, and so on.
It is well known that molecular methods have the advantage of increased detection sensitivity compared to morphological and immunological techniques. However, they are also affected by the genetic structure of the gene fragments amplified. In fact, even at the same gene locus, the amplification rates may be different due to different primers used, as extensive genetic variations have been confirmed within E. bieneusi species (28) . The health status of hosts, as a major opportunistic pathogenic factor for E. bieneusi infection, is closely associated with host age. In Thailand, a significantly higher prevalence of E. bieneusi was found in pigs aged 2 to 3.9 months than in pigs in other age groups (26) . Recently, Li et al. reported that the infection rates of nursery pigs (21/33; 63.6%) were significantly higher than those of preweaned (25/61; 41.0%; P Ͻ 0.05) and growing (5/19; 26.3%; P Ͻ 0.01) pigs (27) . However, in the Czech Republic, prevalence rates of E. bieneusi among all age categories of pigs were similar to each other (30) . In the present study, the high prevalence of E. bieneusi might be attributable to the fact that all the fecal specimens were collected from postweaned piglets aged 2 to 3 months. Pigs in this age group are generally considered to have reduced immunity, as the animals lose maternal immunity while their own immunity still needs to develop. Meanwhile, a high intensity of pigs on farms, as well as environments with poor sanitation, in the investigated areas might increase the opportunity for cross-transmission of E. bieneusi infection between different individuals. To date, the highest prevalence (94%) of E. bieneusi in pigs was actually detected within a closed, intensive pig farm in the Czech Republic, verifying that livestock practices might influence the prevalence of E. bieneusi in animals (30) . The true prevalence might even be higher than those actually detected or reported, since shedding of spores was reported to be intermittent or sometimes even below the detection level of PCR (22) .
By analyzing the SSU rRNA gene sequences of E. bieneusi obtained in the present study, two types, type 511 G (n ϭ 44) and type 511 A (n ϭ 35), were observed, with a base variation between them (Table 4) . Although the SSU rRNA gene is not the gene used for genotyping E. bieneusi because of a low polymorphic level, or a relatively conservative nature, the result of homology analysis indicated that type 511
A was identical to human-derived E. bieneusi isolates, suggesting the possibility of zoonotic transmission of pigderived E. bieneusi.
Currently, the ITS gene is considered the standard method for genotyping E. bieneusi because of a high degree of genetic diversity within the species; it has also been proposed that only 243 bp of the ITS region should be used as a genotyping tool (39) . Sequence analysis of the ITS genes of 85 E. bieneusi isolates identified 10 genotypes in the present study, comprising 6 known genotypes (EbpA, D, H, O, CS-1, and LW1) and 4 novel genotypes (HLJ-I to HLJ-IV). Three known genotypes (EbpA, D, and O) have been described in humans (19) . To date, 13 genotypes of E. bieneusi from pigs and wild boars, CAF1, D (Pig9), EbpA (F), EbpC (E), O, Bfrmr2, CHN1, Pig5, Pig7, Henan-I, Henan-III, Henan-IV, and EbpD, have been identified in humans, and zoonotic genotypes are found in all the epidemiological studies of natural infection of E. bieneusi in these animals ( Table 1 ). These findings suggested that pigs may play an important role in the epidemiology of E. bieneusi as a reservoir host. The percentages of zoonotic genotypes were observed to vary in different countries or different areas within a country, ranging from 33.3% to 100% (Table 1) . We also noticed that all the E. bieneusi isolates were identified as zoonotic in two studies conducted in Austria and the Czech Republic (17, 30) . However, the risk that pigs pose to humans might be greater in the Czech Republic than in Austria, as a higher occurrence of E. 
a Accession numbers of known genotypes, indicating that pig-derived E. bieneusi isolates have 100% homology with the sequences from GenBank.
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June 2014 Volume 80 Number 12 aem.asm.org 3703 bieneusi in pigs was seen in the Czech Republic than in Austria (17, 30) . Thus, in the assessment of the zoonotic risk of E. bieneusi genotypes of animal origin in a specific farm or area, it is scientific and reasonable to consider the occurrence of the parasite together with the percentage of zoonotic genotypes. Four novel genotypes of E. bieneusi obtained in the present study were clustered into the human-pathogenic group, or "group 1," by phylogenetic analysis of the ITS sequences, supporting a zoonotic potential (Fig. 1) . Among the six known genotypes identified in the present study, genotypes H and CS-1 have been found only in pigs (21, (25) (26) (27) 29) . In spite of this, the conclusion that pigs are a specific host of genotypes H and CS-1 cannot currently be drawn because of the lack of epidemiological data from human and animal microsporidiosis. The fact that genotype LW1 was detected only in pigs showed that the contamination source for genotype LW1 in lake water might be local pigs (34) . In the present study, 70.6% of 85 E. bieneusi isolates in pigs have been described in humans (Table 4). A high prevalence of E. bieneusi and a large percentage of zoonotic genotypes in pigs in the investigated areas suggested that the animals posed a serious threat to the local inhabitants. To date, genotype EbpA has been detected in only a few human cases of microsporidiosis, 10 in the Czech Republic (40) and 1 in Nigeria (41) . In a recent study conducted in Shanghai, China, genotype EbpA of E. bieneusi was isolated in two children (36) . In the present study, genotype EbpA could be detected in all three investigated areas and had the highest prevalence (35.3%; 30/85) and the largest percentage of zoonotic genotypes (50%; 30/60) in pigs. According to previous molecular epidemiological data on E. bieneusi, summarized in Table 1 , genotype EbpA has been found in 7 out of 11 countries reporting E. bieneusi infection in pigs, including wild boars, showing the widest distribution ( Table 1) . The genotype has also been isolated from cattle, horses, mice, and birds (5, 42 (43) (44) (45) (46) . It has been commonly detected both in HIV-positive patients and in HIV-negative individuals (3). A similar result has been seen in Henan, China (33) . Genotype D has also been isolated from children in Shanghai, China (36) . In a study conducted in two renal transplant recipients with diarrhea in Spain, genotype D was the only genotype (44) . A large variety of animals have been reported to be infected with genotype D. Besides pigs, the genotype has been isolated in cattle, cats, horses, dogs, and some wild animals, including macaques, muskrats, raccoons, beavers, foxes, and gorillas, as well as birds, such as pigeons and falcons, appearing to have a wide host range (18, 19, 47, 48) . The above findings suggest that future studies should focus on epidemiological investigations of E. bieneusi in the reservoir hosts mentioned above. The molecular data will be useful to elucidate the transmission dynamics of microsporidiosis in our areas.
Genotype O was reported only in an HIV-seropositive patient in Thailand (49) . The finding of genotype O in pigs in the present and previous studies supports the potential for zoonotic transmission (24, 26, 28) . Genotype O seems to have strict host specificity, as it is found only in pigs and humans. The true host range of genotype O needs to be confirmed by subsequent molecular data from epidemiological studies of microsporidiosis.
The clinical symptoms of microsporidiosis caused by E. bieneusi mainly range from asymptomatic infection to acute or chronic diarrhea (50) . No association was seen between the occurrence of diarrhea and E. bieneusi infections in pigs in the Czech Republic (30) . However, in a study of the occurrence of E. bieneusi in pigs with diarrhea conducted in South Korea, E. bieneusi was detected only in the younger group of piglets with diarrhea, particularly those aged less than 1 week and between 1 and 2 weeks, whereas no significant difference in the rates of occurrence was observed between diarrheic and nondiarrheic piglets aged more than 4 weeks (25) . Although numerous epidemiological studies of microsporidiosis in different hosts revealed that the majority of cases caused by E. bieneusi seemed to be asymptomatic, the negative effects on the growth and development of humans and animals need to be explored in the future.
In general, E. bieneusi seems to be adapted to pigs, based on the fact that the majority of pigs infected with E. bieneusi appear asymptomatic. Thus, pig microsporidiosis caused by E. bieneusi might be paid less attention than it should be in assessing the epidemiological role of pigs as a reservoir host of E. bieneusi. In fact, pigs have been reported to be infected with E. bieneusi at an early age and excrete spores all their lives (30) . Moreover, unscientific practices, such as using untreated pig manure as fertilizer directly on open crop or tillage land, result in environmental contamination, and a large number of spores in animal slurry can also enter streams and rivers from pasture runoff to cause wider geographical spread of E. bieneusi spores. Understanding the molecular epidemiology of E. bieneusi in different hosts is an important step in adequately controlling E. bieneusi infection in humans due to lack of an effective vaccine and available drugs. Of course, although sequence analysis of the ITS gene allows the differentiation of genotypes within E. bieneusi, as well as zoonotic assessment of E. bieneusi isolates of animal origin, new gene markers will be powerful aids to understanding the population genetic structure of E. bieneusi and to elucidating its significance in the epidemiology of microsporidiosis, since we could not determine whether the isolates of E. bieneusi with the same ITS gene sequences are genetically identical. Meanwhile, the fact that PCR preferentially amplifies only the major genotypes in fecal samples may explain why cases of mixed infection by different genotypes of E. bieneusi in pigs are rarely available. Subsequent studies will focus on multilocus sequence typing (MLST) of E. bieneusi and molecular detection of other microsporidial species in pigs. All the studies will be helpful in solving the public health problems pigs cause as a reservoir host of E. bieneusi.
